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(Dated: October 29, 2018)
The one–loop contribution of the two CP–violating components of the WWγ vertex,
κ˜γW
+
µ W
−
ν F˜
µν and (λ˜γ/m
2
W )W
+
µνW
−ν
ρ F˜
ρµ, on the electric dipole moment (EDM) of fermions is
calculated using dimensional regularization and its impact at low energies reexamined in the light of
the decoupling theorem. The Ward identities satisfied by these couplings are derived by adopting a
SUL(2) × UY (1)–invariant approach and their implications in radiative corrections discussed. Pre-
vious results on κ˜γ , whose bound is updated to |κ˜γ | < 5.2×10
−5, are reproduced, but disagreement
with those existing for λ˜γ is found. In particular, the upper bound |λ˜γ | < 1.9 × 10
−2 is found
from the limit on the neutron EDM, which is more than 2 orders of magnitude less stringent than
that of previous results. It is argued that this difference between the κ˜γ and λ˜γ bounds is the one
that might be expected in accordance with the decoupling theorem. This argument is reinforced by
analyzing careful the low–energy behavior of the loop functions. The upper bounds on theW EDM,
|dW | < 6.2 × 10
−21 e · cm, and the magnetic quadrupole moment, |Q˜W | < 3 × 10
−36 e · cm2, are
derived. The EDM of the second and third families of quarks and charged leptons are estimated.
In particular, EDM as large as 10−20 e · cm and 10−21 e · cm are found for the t and b quarks,
respectively.
PACS numbers: 12.60.Cn; 11.30.Er; 13.40.Em
I. INTRODUCTION
Very important information about the origin of CP violation may be extracted from EDMs of elementary particles.
This elusive electromagnetic property is very interesting, as it represents a net quantum effect in any renormalizable
theory. In the standard model (SM), the only source of CP violation is the Cabbibo–Kobayashi–Maskawa (CKM)
phase, which however has a rather marginal impact on flavor–diagonal processes such as the EDM of elementary
particles [1]. In fact, the EDM of both fermions and the W gauge boson first arises at the three–loop level [2, 3]. As
far as the magnetic quadrupole moment of the W boson is concerned, it receives a tiny contribution at the two–loop
level in the SM[4]. Although they are extremely suppressed in the SM, the EDMs can be very sensitive to new sources
of CP violation, as it was shown recently for the case of the W boson in a model–independent manner using the
effective Lagrangian technique[5, 6]. Indeed, EDMs can receive large contributions from many SM extensions[7], so
the scrutiny of these properties may provide relevant information to our knowledge of CP violation, which still remains
a mystery.
In this paper, we are interested in studying the impact of a CP–violating WWγ vertex on the EDM of charged
leptons and quarks. As it was shown by Marciano and Queijeiro[8], the CP–odd electromagnetic properties of the W
boson can induce large contributions on the EDM of fermions. Beyond the SM, the CP–violatingWWγ vertex can be
induced at the one–loop level by theories that involve both left– and right–handed currents with complex phases[6, 9],
as it occurs in left–right symmetric models[10]. Two–loop effects can arise from Higgs boson couplings toW pairs with
undefined CP structure [5]. However, in this work, instead of focusing on a specific model, we will parametrize this
class of effects in a model–independent manner via the effective Lagrangian approach[11], which is suited to describe
those new physics effects that are quite suppressed or forbidden in the SM. The phenomenological implications of
both the CP–even and the CP–odd trilinear WWV (V = γ, Z) couplings have been the subject of intense study in
diverse contexts using the effective Lagrangian approach [12, 13]. The static electromagnetic properties of the W
gauge boson can be parametrized by the following effective Lagrangian:
LWWγ = −ie
(
∆κγFµνW
−µW+ν +
λγ
m2W
W+µνW
−ν
ρF
ρµ + κ˜γW
+
µ W
−
ν F˜
µν +
λ˜γ
m2W
W+µνW
−ν
ρ F˜
ρµ
)
, (1)
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2where W±µν = ∂µW
±
ν − ∂νW±µ and F˜µν = (1/2)ǫµναβFαβ . The sets of parameters (∆κγ , λγ) and (κ˜γ , λ˜γ) define the
CP–even and CP–odd static electromagnetic properties of the W boson, respectively. The magnetic dipole moment
(µW ) and the electric quadrupole momente (QW ) are defined by [12]
µW =
e
2mW
(2 + ∆κγ + λγ), QW = − e
m2W
(1 + ∆κγ − λγ). (2)
On the other hand, the electric dipole moment (dW ) and the magnetic quadrupole moment (Q˜W ) are defined by [12]
dW =
e
2mW
(κ˜γ + λ˜γ), Q˜W = − e
m2W
(κ˜γ − λ˜γ). (3)
The dimension–four interactions of the above Lagrangian are induced after spontaneous symmetry breaking by the
following dimension–six SUL(2)× UY (1)–invariant operators:
OWB = αWB
Λ2
(
Φ†
σa
2
Φ
)
W aµνBµν (4)
O˜WB = α˜WB
Λ2
(
Φ†
σa
2
Φ
)
W aµνB˜µν , (5)
whereas those interactions of dimension six are generated by the following SUL(2)–invariants:
OW = αW
Λ2
( ǫabc
3!
W aµνW
bν
ρW
cρ
µ
)
, (6)
O˜W = α˜W
Λ2
( ǫabc
3!
W aµνW
bν
ρW˜
cρ
µ
)
, (7)
whereW aµν and Bµν are the tensor gauge fields associated with the SUL(2) and UY (1) groups, respectively. In addition,
Φ is the Higgs doublet, Λ is the new physics scale, and the α˜i are unknown coefficients, which can be determined if the
underlying theory is known. As we will see below, the presence of the Higgs doublet in the OWB and O˜WB operators,
as well as its absence in OW and O˜W , has important physical implications at low energies. In the following, we will
focus on the CP–violating interactions. Introducing the dimensionless coefficients ǫ˜i = (v/Λ)
2α˜i, with v the Fermi
scale, it is easy to show that κ˜γ = −(cW /2sW )ǫ˜WB and λ˜γ = −(e/4sW )ǫ˜W , with sW (cW ) the sine(cosine) of the weak
angle. The impact of the O˜WB operator on the EDM of fermions, df , was studied in Ref.[8]. The experimental limits
on the EDM of the electron and neutron were used by the authors to impose a bound on the κ˜γ parameter
1. It
was found that the best bound arises from the limit on the neutron EDM dn. In this paper, besides reproducing this
calculation using dimensional regularization and updating the bound on κ˜γ and dW , we will derive an upper bound
on the magnetic quadrupole moment Q˜W , which, to our knowledge, has not been presented in the literature.
On the other hand, the contribution of the O˜W operator to the EDM of fermions has also been studied previously
by several authors [14, 15]. Although this operator gives a finite contribution to df
2, it has been argued by the authors
of Ref.[15] that such a contribution is indeed ambiguous, as it is regularization–scheme dependent. The authors of
Ref.[15] carried out a comprehensive analysis by calculating the O˜W contribution to df using several regularization
schemes, such as dimensional, form–factor, Paulli–Villars–regularization, and the Cutoff method. They show that
the result differs from one scheme to other. In this paper, we reexamine this contribution using the dimensional
regularization scheme. We argue that the result thus obtained is physically acceptable because it satisfies some low
energy requirements that are inherent to the Appelquist–Carazzone decoupling theorem [17]. In particular, we will
emphasize the relative importance of the O˜WB and O˜W operators when inserted into a loop to estimate their impact
on a low–energy observable as the EDM of the electron or the neutron. As we will see below, the O˜WB operator
induces nondecoupling effects, whereas O˜W is of decoupling nature. As a consequence, the constraints obtained from
the neutron EDM are more stringent for O˜WB than for O˜W , in contradiction with the results of Ref.[15] where bounds
of the same order of magnitude are found. Below we will argue on the consistence of our results by analyzing more
closely some peculiarities of these operators in the light of the decoupling theorem. Although the O˜W contribution
is insignificant compared with the one of O˜WB for light fermions, it is very important to stress that both operators
can be equally important at high energies. Indeed, we will see that for the one–loop t¯tγ and b¯bγ vertices, the O˜W
1 The authors of Ref.[8] use the symbol λW to characterize the F˜µνW
−µW+ν term, but more frequently it is used the notation κ˜γ , which
we will adopt here.
2 The contribution of the CP–even OW operator to the magnetic dipole moment of fermions is also finite [14, 15, 16].
3contribution is as large as or larger than the effect of O˜WB . We will see below that as a consequence of the decoupling
nature of O˜W , the bound obtained on λ˜γ from the neutron EDM is two orders of magnitude less stringent than that
on κ˜γ .
Another important goal of this work is to use our bounds on the κ˜γ and λ˜γ parameters to predict, besides the
CP–odd electromagnetic properties of the W gauge boson, the EDM of the second and third families of charged
leptons and quarks. We believe that the heaviest particles, as the W , τ , b, and t, could eventually be more sensitive
to new physics effects associated with CP violation. In addition, we will exploit the SUL(2)×UY (1) invariance of our
framework to derive limits on the κ˜Z and λ˜Z parameters associated with the CP–odd WWZ vertex.
The paper has been organized as follows. In Sec. II, the Feynman rule for the CP–odd WWγ vertex is presented.
We will focus on the gauge structure of the part coming from the O˜W operator. In particular, we will show how this
operator leads to a gauge–independent result even in the most general case when all particles in the WWγ vertex are
off–shell. Sec. III is devoted to derive the amplitudes for the on–shell one–loop l¯lγ and q¯qγ vertices, induced by the
CP–odd WWγ coupling. In Sec. IV, the bounds on the κ˜γ and λ˜γ parameters are derived and used to predict the
EDM of the SM particles. Finally, in Sec. V the conclusions are presented.
II. THE ANOMALOUS CP–VIOLATING WWγ VERTEX
In this section, we present the Feynman rule for the WWγ vertex induced by the effective operators given in Eqs.
(5) and (7). The O˜WB term can be written in the unitary gauge as follows:
O˜WB = −1
4
ǫ˜WBB˜µνW
3µν + · · · ,
= −ie
( cW
2sW
ǫ˜WB
)
F˜µνW
−µW+ν + · · · , (8)
where
B˜µν = cW F˜µν − sW Z˜µν , (9)
W 3µν = sWFµν + cWZµν + ig(W
−
µ W
+
ν −W+µ W−ν ). (10)
On the other hand, the O˜W term is given by
O˜W = iα˜W
Λ2
Wˆ+νλWˆ−µν W˜
3
λµ,
= ie
( e
4sW
ǫ˜W
)( 1
m2W
)
W+νλW−µν F˜λµ + · · · , (11)
where
Wˆ+µν = DµW
+
ν −DνW+µ + igcW (W+µ Zν −W+ν Zµ), (12)
with Dµ = ∂µ − ieAµ the electromagnetic covariant derivative and Wˆ−µν = (Wˆ+µν)†.
Using the notation shown in Fig.1, the vertex function associated with the WWγ coupling can be written as
Γ˜WWγλρµ (k1, k2, k3) = ieκ˜γΓ
O˜WB
λρµ (k1) +
ieλ˜γ
m2W
ΓO˜Wλρµ(k1, k2, k3), (13)
where
ΓO˜WBλρµ (k1) = ǫµλρηk
η
1 , (14)
ΓO˜Wλρµ(k1, k2, k3) = (−k2 · k3ǫλρµη + k2ρǫλµησkσ3 − k3λǫρµησkσ2 )kη1 . (15)
We now proceed to derive the Ward identities that are satisfied by these vertex functions. In particular, we will show
that as a consequence of these identities, the ΓO˜Wλρµ(k1, k2, k3) vertex cannot introduce a gauge–dependent contribution
in any loop amplitude. From Eq.(15) it is easy to show that this vertex satisfies the following simple Ward identities:
kµ1Γ
O˜W
λρµ(k1, k2, k3) = 0, (16)
kλ2Γ
O˜W
λρµ(k1, k2, k3) = 0, (17)
kρ3Γ
O˜W
λρµ(k1, k2, k3) = 0, (18)
4Aµ(k1)
W+λ (k2) W
−
ρ (k3)
FIG. 1: The trilinear CP–odd WWγ vertex.
which arise as a direct consequence of the invariance of O˜W under the SUL(2) group. Since all the SUL(2)× UY (1)
invariants of dimension higher than four cannot be affected by the gauge–fixing procedure applied to the dimension–
four theory, any possible gauge dependence necessarily must arise from the longitudinal components of the gauge
field propagators through the ξ gauge parameter. Gauge–independence means independence with respect to this
parameter. It is clear now that as a consequence of the above Ward identities, the ΓO˜Wλρµ(k1, k2, k3) contribution to
a multi–loop amplitude is gauge–independent, as there are no contributions from the longitudinal components of
the propagators and thus it cannot depend on the ξ gauge parameter. Of course, the complete amplitude maybe
gauge–dependent due to the presence of other gauge couplings. However, when this anomalous vertex is the only
gauge coupling involved in a given amplitude, as it is the case of the one–loop electromagnetic properties of a fermion
f , the corresponding form factors are manifestly gauge independent. This means that for all practical purpose, the
contribution of this operator to a given amplitude can be calculated using the Feynman–’tHooft gauge (ξ = 1). We
will see below that, as a consequence of these Ward identities, the contribution of this operator to the fermion EDM
is not only manifestly gauge–independent, but also free of ultraviolet divergences. The same considerations apply to
the CP–even counterpart OW . These results are also valid for the WWZ coupling. As far as the ΓO˜WBλρµ (k1) vertex
is concerned, it also is subject to satisfy certain Ward identities that arise as a consequence of the SUL(2)× UY (1)–
invariance of the O˜WB operator. However, these constraints, in contrast with the ones satisfied by the ΓO˜Wλρµ(k1)
vertex, are not simple due to the presence of pseudo Goldstone bosons. These Ward identities are relations between
the WWγ and the G±W∓γ vertices, which are given by
kµ1Γ
O˜WB
λρµ (k1) = 0, (19)
kλ2Γ
O˜WB
λρµ (k1) = mWΓ
G+W−γ
µρ (k1, k3), (20)
kρ3Γ
O˜WB
λρµ (k1) = mWΓ
G−W+γ
µλ (k1, k2), (21)
where
ΓG
+W−γ
µρ (k1, k3) = −
1
mW
ǫµραβk
α
3 k
β
1 , (22)
ΓG
−W+γ
µλ (k1, k2) = −
1
mW
ǫµραβk
α
2 k
β
1 . (23)
These results are also valid for the WWZ vertex. They also apply to the CP–even counterpart OWB .
III. THE ONE–LOOP INDUCED CP–VIOLATING f¯ fγ VERTEX
We now turn to calculating the contribution of the O˜WB and O˜W operators to the EDM of a f fermion. The
EDM of f is induced at the one–loop level through the diagram shown in Fig.2. It is convenient to analyze separately
the contribution of each operator, as they possess different features that deserve to be contrasted. To calculate the
loop amplitudes we have chosen the dimensional regularization scheme, as it is a gauge covariant method which has
probed to be appropriate in theories that are nonrenormalizable in the Dyson’s sense [18]. This framework has been
used successfully in many loop calculations within the context of effective field theories [19]. Although the Feynman
parametrization technique is the adequate method to calculating on–shell electromagnetic form factors, we will use
also the Passarino–Veltman [20] covariant decomposition in the case of the O˜W contribution, in order to clarify a
disagreement encountered with respect to the results reported in Ref. [15]. The Passarino–Veltaman covariant method
breaks down when the photon is on the mass shell, but it can be implemented with some minor changes [21].
5Aµ(q)
W+ W+
fi
ff (p2)ff (p1)
λ ρ
α β
FIG. 2: Contribution of the CP–odd WWγ coupling to the on–shell f¯ fγ vertex.
A. The O˜WB contribution
We start with the contribution of the O˜WB operator to the on–shell f¯ fγ vertex. In the Rξ–gauge, there are
contributions coming from the W boson and its associated pseudo Goldstone boson, but we prefer to use the unitary
gauge in which the contribution is given only through the diagram shown in Fig.23. The corresponding amplitude is
given by
ΓO˜WBµ =
(
e3cW
4s3W
ǫ˜WB
)
ǫρλµσq
σµ4−D
∫
dDk
(2π)D
PRγβ/kγαPαλP βρ
∆
, (24)
where
Pαλ = gαλ − (k + p1)
α(k + p1)
λ
m2W
, (25)
P βρ = gβρ − (k + p2)
β(k + p2)
ρ
m2W
, (26)
∆ = [k2 −m2i ][(k + p1)2 −m2W ][(k + p2)2 −m2W ]. (27)
The notation and conventions used in these expressions are shown in Fig.2. It is worth noting that the above amplitude
is divergent, so the integral must be conveniently regularized in order to introduce a renormalization scheme. The
authors of Ref.[8] introduced a cutoff by replacing κ˜γ with a form factor depending conveniently on the new physics
scale Λ. Here, as already mentioned, we will regularize the divergencies using dimensional scheme. As far as the
renormalization scheme is concerned, we will use the M¯S one with the renormalization scale µ = Λ, which leads to a
logarithmic dependence of the form log(Λ2/m2W ). As we will see below, our procedure leads essentially to the same
result given in Ref.[8].
The fermionic EDM form factor df is identified with the coefficient of the Lorentz tensor structure −iγ5σµνqν . The
integrals that arise from the Feynman parametrization can be expressed in terms of elementary functions. After some
algebra, one obtains
dO˜WBf = −ǫ˜WB
( αcW
16πs3W
)( e
2mW
)√
xf
[
log
(m2W
Λ2
)
+ fWB(xf , xi)
]
, (28)
where we have introduced the dimensionless variable xa = m
2
a/m
2
W . Here, fWB(xf , xi) is the loop function, which is
different for leptons or quarks. In the case of charged leptons, this function is given by
fWB(xl) = −xl + 1
xl
+
x2l − 1
x2l
log(1− xl), (29)
3 The contribution of O˜WB to reducible diagrams characterized by the one–loop Z − γ mixing vanishes.
6where we have assumed that xl < 1. As far as the EDM of quarks is concerned, the fWB function has a more
complicated way, given by
fWB(xq , xi) = −xq + xi + 1
xq
+
x2q + x
2
i − 1
2x2q
log(xi) +
x3q − (xi + 1)x2q − (xi + 1)2xq + (xi − 1)2(xi + 1)
2x2qλ
f(xq, xi, λ), (30)
where
f(xq, xi, λ) =


log
(
xi−xq−λ+1
xi−xq+λ+1
)
, if 0 < xq < (1 +
√
xi)
2
log
(
xi−xq−λ+1
xi−xq+λ+1
)
− 2iπ, if xq > (1 +√xi)2
, (31)
with
λ =
√
x2q − 2(xi + 1)xq + (xi − 1)2. (32)
From now on, mq and mi will stand for the masses of the external and internal quarks, respectively.
B. The O˜W contribution
We now turn to calculate the contribution of O˜W to the fermion EDM. In this case, the contribution in the general
Rξ–gauge is given exclusively by the W gauge boson through the diagram shown in Fig.2. Neither pseudo Goldstone
bosons nor ghost fields can contribute, which is linked to the fact that, as noted previously, there are no contributions
from the longitudinal components of the W propagators due to the simple Ward identities given in Eq.(16). As a
consequence, the result is manifestly gauge–independent, as any dependence on the ξ gauge parameter disappears
from the amplitude. Also, we have verified that O˜W does not contribute to reducible diagrams characterized by the
one–loop Z − γ mixing. As already noted by the authors of Ref. [15], the O˜W operator, in contrast with the O˜WB
one, generates a finite contribution to dO˜Wf .
As mentioned in the introduction, our result for this operator is in disagreement with that found in Ref.[15]. While
the authors of this reference conclude that the loop function characterizing this contribution is of O(1) in the low–
energy limit (small fermions masses compared with mW ), we find that this function vanishes in this limit. As we
will see below, this leads to a discrepancy of about two orders of magnitude for the bound on the λ˜γ parameter.
It is therefore important to clarify this point as much as possible. For this purpose, let us to comment the main
steps followed by the authors of Ref.[15] in obtaining their result. The starting point are Eqs.(2.11-2.13), which
represent the amplitude for the contribution of the operator in consideration to the f¯ fγ vertex. The next crucial
step adopted by the authors consists in taking the photon momentum equal to zero both in the numerator and
denominator of the integral given by Eq.(2.11), which leads to the simple expressions given in Eqs.(3.1,3.2). Next,
they use dimensional regularization through Eqs.(3.5-3.11) to obtain the final result given by Eq.(3.12). This result
comprises the sum of two terms, one which is independent of the masses involved in the amplitude, and a second
term which vanishes in the low–energy limit. The first term arises from a careful treatment of the D → 4 limit in
dimensional regularization. We have reproduced all these results. However, we arrive at a very different result by
using only the on–shell condition, so we think that it is not valid to delete the photon momentum before carrying out
the integration on the momenta space. We now proceed to show that a different result is obtained if only the on–shell
condition (q2 = 0 and q ·ǫ) is adopted. Our main result is that the loop function associated with this operator vanishes
in the low–energy limit, in contrast with the result obtained in Ref.[15]. To be sure of our results, we will solve the
momentum integral following two different methods, namely, the Passarino–Veltman [20] covariant decomposition
scheme and the Feynman parametrization technique. After using the Ward identities given in Eq.(16), the amplitude
can be written as follows
ΓO˜Wµ = −
( e4
4!s3Wm
2
W
ǫ˜W
)∫ dDk
(2π)D
PRγ
ρ/kγλΓO˜Wλρµ
∆
, (33)
where ΓO˜Wλρµ represents the WWγ vertex. Once carried out a Lorentz covariant decomposition, we implement the
7on–shell condition to obtain:
dO˜Wf = −ǫ˜W
( α3/2
32
√
πs3W
)( e
2mW
) 1√
xf
[
(xf − 1)
(
B0(1)−B0(2)
)
+ 2
(
B0(3)−B0(1)
)
+xi
(
B0(1) +B0(2)− 2B0(3)
)
+
(
(xf − xi)2 − 1
)
m2WC0
]
, (34)
where B0(1) = B0(m
2
f ,m
2
i ,m
2
W ), B0(2) = B0(0,m
2
W ,m
2
W ), B0(3) = B0(0,m
2
i ,m
2
W ), and C0 =
C0(m
2
f ,m
2
f , 0,m
2
W ,m
2
i ,m
2
W ) are Passarino–Veltman scalar functions. It is important to emphasize that in obtaining
this result, the on–shell condition was implemented only after calculating the amplitude.
On the other hand, using Feynman parametrization, one obtains
dO˜Wf = −ǫ˜W
( α3/2
8
√
πs3W
)( e
2mW
)√
xf (I1 + I2 + I3), (35)
where the Ii quantities represent parametric integrals, which are given by
I1 =
∫ 1
0
dxx(1 − x) = 1
6
, (36)
I2 = −
∫ 1
0
dx(1 − x)(1 − 3x) log[(1− x)(1 − xfx) + xix], (37)
I3 = −xf
∫ 1
0
dxx2(1− x)2
[(1 − x)(1 − xfx) + xix] . (38)
To clarify our result, let us to analyze more closely these integrals. The I1 integral, which is independent of the
masses, arises as a residual effect of the D → 4 limit. This apparent nondecoupling effect that would arise in the
low–energy limit is also found in Ref.[15]. However, in our case, this effect is exactly cancelled at low energies by the
I2 integral, which in this limit takes the way:
I2 = −1
6
+O(xf , xi). (39)
As for the I3 integral, it vanishes in this limit. After solving the parametric integrals, one obtains
dO˜Wf = −ǫ˜W
( α3/2
16
√
πs3W
)( e
2mW
)√
xffW (xf , xi), (40)
where fW (xf , xi) is the loop function. In the case of a charged lepton, this function is given by
fW (xl) =
xl − 2
xl
+ 2
(xl − 1
x2l
)
log(1− xl). (41)
On the other hand, the corresponding function for quarks is given by
fW (xq , xi) =
xq − 2
xq
+
xq + xi − 1
x2q
log(xi) +
x2q − 2xq + (xi − 1)2
x2qλ
f(xq, xi, λ). (42)
The same result is obtained when the Passarino–Veltman scalar functions appearing in Eq.(34) are expressed in terms
of elementary functions.
In the light of the above results, we can conclude that it is not valid to delete the photon momentum before
carrying out the integration on the momentum . In the next section, we will argue that a vanishing loop function in
the low–energy limit is the result that one could expect in accordance with the decoupling theorem.
IV. RESULTS AND DISCUSSION
We now turn to deriving bounds for the ǫ˜WB and ǫ˜W parameters (or equivalently, for the κ˜γ and λ˜γ parameters)
using current experimental limits on the electron and the neutron electric dipole moments. We will use then these
bounds to predict the CP–violating electromagnetic properties of the W boson and some charged leptons and quarks.
8One important advantage of our approach is that the effective Lagrangian respects the SUL(2)×UY (1) symmetry.
As a consequence, the coefficients of the WWγ and WWZ vertices are related at this dimension. The CP–violating
part of this vertex is given by:
LWWZ = −igcW
(
κ˜ZW
+
µ W
−
ν Z˜
µν +
λ˜Z
m2W
W+µνW
−ν
ρ Z˜
ρµ
)
, (43)
where Zµν = ∂µZν − ∂νZµ. The two set of parameters characterizing the WWγ and WWZ couplings are related by
κ˜Z = −s
2
W
c2W
κ˜γ , (44)
λ˜Z = λ˜γ . (45)
Below, we will constraint both sets of parameters.
The current experimental limits on the electric dipole moments of the electron and the neutron reported by the
particle data book are [22, 23]
|de| < 6.9× 10−28 e · cm, (46)
|dn| < 2.9× 10−26 e · cm. (47)
A. Decoupling and nondecoupling effects
Before deriving bounds on the ǫ˜WB and ǫ˜W parameters, let us discuss how radiative corrections can impact the four
Lorentz tensor structures of the WWγ vertex given by Eq.(1). Our objective is to clarify as much as possible why
are so different the bounds that will be derived below for the ǫ˜WB and ǫ˜W coefficients. First of all, notice that both
FµνW
−µW+ν and F˜µνW
−µW+ν terms have a renormalizable structure, as they are induced by the dimension–four
invariants W aµνW
aµν and W˜ aµνW
aµν . However, in a perturbative context, only the former of these gauge invariants
remains at the level of the classical action, as the latter can be written as a surface term. It turns out that, though
renormalizable, the F˜µνW
−µW+ν interaction arises as a quantum fluctuation and thus it is naturally suppressed
[9, 10]. The nondecoupling character of the ∆κγ and κ˜γ form factors is well–known from various specific models
[9, 24]. These Lorentz structures can in turn induce nondecoupling effects when inserted into a loop. In particular,
they can impact significantly low–energy observables, as the EDM of light fermions. We will show below that this
is indeed the case. In this context, it should be noticed the presence of the Higgs doublet in the SUL(2) × UY (1)–
invariant operators of Eqs. (4,5), which points to a nontrivial link between the electroweak symmetry breaking scale
and these couplings [25]. This connection is also evident in the nonlinear realization of the effective theory, in which
the analogous of the operators (4) and (5) are:
L1 = a1gg′Tr
(
U
σ3
2
U †
σa
2
)
W aµνBµν , (48)
L˜1 = a1gg′Tr
(
U
σ3
2
U †
σa
2
)
W aµνB˜µν . (49)
Here, U = exp
(
iσaφa
v
)
, with φa the would–be–Goldstone bosons [26]. Since in this model–independent parametriza-
tion the new physics is the responsible for the electroweak symmetry breaking, it is clear that such a link is beyond the
Higgs mechanism. The situation is quite different for the W+µν W
−λνFµλ and W
+µ
ν W
−λνF˜µλ interactions, as they are
nonrenormalizable and thus necessarily arise at one–loop or higher orders. The decoupling nature of these operators
is also well–known [9, 24]. It is important to notice that the Lorentz tensor structure of these terms is completely
determined by the SUL(2) group and that there is no link with the electroweak symmetry breaking scale, in contrast
with the FµνW
−µW+ν and F˜µνW
−µW+ν interactions. In this case, it is expected that loop effects of these operators
decouples from low–energy observables. This fact has already been stressed by some authors [27]. The reason why
these interactions decouple from low–energy observables stems from the fact that the operators in Eqs.(6,7) respect a
global SUL(2) custodial symmetry [15]. We will show below that the loop contributions of these operators to EDM
is of decoupling nature.
We now turn to show the nondecoupling (decoupling) nature of the F˜µνW
−µW+ν (W+µν W
−λνF˜µλ) contribution to
the EDM of light fermions. We will show that the fWB and fW loop functions have a very different behavior for small
9TABLE I: Behavior of the fWB and fW loop functions for some specific values of the internal (mi) and external (mf ) fermion
masses.
mf mi xf xi fWB(xf , xi) fW (xf , xi)
e νe 3.9 × 10
−11 0 −0.50 −1.3× 10−11
µ νµ 1.6 × 10
−6 0 −0.50 −5.2× 10−7
τ ντ 5.0 × 10
−4 0 −0.50 −1.6× 10−4
mn/3 mn/3 1.5 × 10
−5 1.5× 10−5 −0.49 +1.0× 10−5
s c 2.3 × 10−6 2.6× 10−4 −0.49 +2.4× 10−4
c s 2.6 × 10−4 2.3× 10−6 −0.50 +7.9× 10−5
b t 2.8 × 10−3 4.7 +1.30 +0.6
t b 4.7 2.8× 10−3 4.7× 10−2 − 3i 1.02 − 1.05i
values of the fermion masses. We analyze separately the lepton and quark cases. For fermion masses small compared
with the W mass, we can expand the loop functions given by Eqs.(29,30) as follows:
fWB(xl) = −1
2
− 2
3
xl + · · · , (50)
fWB(xq , xi) = −1
2
+ 2xi − 2
3
xq + · · · (51)
These results show clearly that the F˜µνW
−µW+ν term induces nondecoupling effects. In practice, this means that a
good bound for the κ˜γ parameter could be derived still from experimental limits on the EDM of very light fermions,
such as the electron. In contrast with this behavior, as already commented in the previous section, we can show that
fW is of decoupling nature:
fW (xl) = −1
3
xl + · · · , (52)
fW (xq , xi) = xi − 1
3
xq + · · · (53)
This means that the O˜W operator only could lead to significant contributions for heavier fermions. We will show
below that the bound obtained for λ˜γ from the experimental limit on the EDM of the electron differs in 9 orders of
magnitude with respect to that obtained from the corresponding limit of the neutron, whereas in the case of the κ˜γ
parameter the analogous bounds differ in less than 2 orders of magnitude. The high sensitivity of the fW function to
the mass ratios mf/mW and mi/mW is shown in Table I. It is interesting to see that fW and fWB differ in 4 orders
of magnitude for a fermion mass of about a third of the neutron mass, though they differ in 10 orders of magnitude
for the case of the electron mass. Moreover, notice that fWB and fW are of the same order of magnitude for the
third quark family. This means that the O˜W operator might play an important role in top quark physics. The very
different behavior of the loop functions in the lepton and quark sectors can be appreciated in Table I. Also, it should
be mentioned that the loop functions develop an imaginary part in the case of an external quark top. The appearance
of an imaginary (absorptive) part is a consequence of the fact that the external mass is larger than the sum of the
two internal masses: mt > mW +mb.
B. Bounding the O˜WB operator
We now turn to deriving a bound for the κ˜γ coefficient using the current experimental limit on the EDM of the
electron and the neutron. In the case of the electron EDM, we can approximate the fWB(xe) loop function as follows:
fWB(xe) ≈ −1
2
− 1
2
xe. (54)
Using this approximation, Eqs. (28) and (46) lead to∣∣∣∣∣ǫ˜WB
(
log
( Λ2
m2W
)
+
1
2
+
1
2
xe
)∣∣∣∣∣ < 1.3× 10−4. (55)
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Since in the effective Lagrangian approach one assumes that Λ≫ mW , it is clear that
log
( Λ2
m2W
)
+
1
2
+
1
2
xe > 1, (56)
which allows us to impose the following bound on the OWB operator
|ǫ˜WB| < 1.6× 10−3, (57)
which in turn leads to
|κ˜γ | < 1.5× 10−3, |κ˜Z | < 4.2× 10−4. (58)
In the case of the neutron, as usual, we take mu ≈ md ≈ mn/3, with mn the neutron mass. Also, we assume the
following relation:
dn =
4
3
dd − 1
3
du. (59)
Using this connection between the neutron and its constituents, one obtains for the O˜WB contribution to the neutron
EDM
dO˜WBn = ǫ˜WB
( αcW
48πs3W
)( e
2mW
)√
xn
[
log
( Λ2
m2W
)
+ fWB(xn)
]
, (60)
where
fWB(xn) = 2 +
9
xn
+
81− 2x2n
x2n
log
(xn
9
)
+
4x2n + 18xn − 81
2x2nλn
log
(
1− λn
1 + λn
)
, (61)
with λn =
√
9− 4xn/3. Comparing the above theoretical result with its experimental counterpart given by Eq.(47),
one obtains ∣∣∣∣∣ǫ˜WB
(
log
( Λ2
m2W
)
+ fWB(xn)
)∣∣∣∣∣ < 5.5× 10−5. (62)
As in the electron case, it is easy to see that∣∣∣∣∣ log
( Λ2
m2W
)
+ fWB(xn)
∣∣∣∣∣ > 1, (63)
which allows us to impose the following bound on the O˜WB operator
|ǫ˜WB| < 5.5× 10−5, (64)
which implies
|κ˜γ | < 5.2× 10−5, |κ˜Z | < 1.5× 10−5. (65)
This bound is almost two orders of magnitude more stringent than that obtained from the electron EDM. The above
results are in perfect agreement with the ones given in Ref.[8].
C. Bounding the O˜W operator
We first explore the possibility of constraining O˜W using the experimental limit on the electron EDM. In this case,
a good approximation for the loop function is fW (xe) ≈ −xe ∼ −3 ·9×10−11, which in fact is very small. It leads to a
very poor constrain of order of 107. This bound should be compared with the one obtained in Ref.[15], which can be
updated to |λ˜γ | < 7× 10−4. This enormous difference arises because the authors in Ref.[15] assume that fW ∼ O(1),
instead of fW (xe) ≈ −xe ∼ −3.9× 10−11.
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TABLE II: Electromagnetic properties of the known particles induced by a CP–violating WWγ vertex. The value Λ = 1000
GeV is assumed for the contribution of the O˜WB operator.
Particle Electric Dipole Moment O˜WB O˜W
µ |dµ| 5.7 × 10
−26 e · cm 2.0 × 10−30 e · cm
τ |dτ | 1.0 × 10
−24 e · cm 1.1 × 10−26 e · cm
c |dc| 7.1 × 10
−25 e · cm 3.8 × 10−27 e · cm
s |ds| 6.5 × 10
−26 e · cm 1.0 × 10−27 e · cm
b |db| 2.1 × 10
−21 e · cm 9.9 × 10−23 e · cm
t |Re(dt)| 1.6 × 10
−22 e · cm 6.8 × 10−21 e · cm
t |Im(dt)| 6.0 × 10
−23 e · cm 7.0 × 10−21 e · cm
W |dW | 6.2 × 10
−21 e · cm 2.3 × 10−18 e · cm
W |Q˜W | 3.0 × 10
−36 e · cm2 1.1 × 10−33 e · cm2
We now try to get a more restrictive bound from the experimental limit on the neutron EDM. Following the same
steps given above, the connection between the EDM of the neutron with its constituents given in Eq.(59) leads to
dO˜Wn = −ǫ˜W
( α3/2
48
√
πs2W
)( e
2mW
)√
xnfW (xn), (66)
where
fW (xn) = 2
(
1− 9
xn
)
+
9(2xn − 9)
x2n
log
(xn
9
)
+
2x2n − 36xn + 81
x2nλn
log
(
1− λn
1 + λn
)
. (67)
In this case a more restrictive bound is obtained:
|ǫ˜W | < 0.12, (68)
which in turn leads to
|λ˜γ | = |λ˜Z | < 1.9× 10−2. (69)
In this case the result obtained in Ref.[15] can be updated to |λ˜γ | < 6× 10−5, which shows that our constraint is less
stringent by more than 2 orders of magnitude.
From the above results, the high sensitivity of the (λ˜γ/m
2
W )W
+
µνW
−ν
ρ F˜
ρµ interaction to the mass ratio mf/mW
can be appreciated now.
D. CP–odd electromagnetic properties of fermions and the W gauge boson
The constraints derived above for the CP–odd WWγ vertex can be used to predict the CP–odd electromagnetic
properties of known particles. In particular, the EDM associated with the heavier particles are the most interesting,
as they could be more sensitive to new physics effects. Besides the W gauge boson and the third family of leptons
and quarks, we will also include by completeness the predictions on the members of the second family. In the case
of the W gauge boson, an upper bound for the magnetic quadrupole moment will also be presented. It should be
emphasized the fact that it is the first time that an upper bound on Q˜W is derived. We will use the constraints
derived from the neutron EDM, as they are most stringent. Since the O˜WB and O˜W operators were bounded one
at a time, we will make predictions assuming that the CP–violating effects cannot arise simultaneously from both
operators. We resume our results in Table II. It should be noted that while the values for dW and Q˜W constitute
true upper bounds, the ones given by the EDM of fermions are estimations only.
It is worth comparing the limits given in Table II with some predictions obtained in other contexts. We begin with
the results existing in the literature for the W gauge boson. We start with the SM predictions for dW and Q˜W . As
already mentioned, the lowest order nonzero contribution to dW arises at the three–loop level, whereas Q˜W appears
up to the two–loop order. At the lowest order, dW has been estimated to be smaller than about 10
−29 e ·cm [3, 28]. As
far as Q˜W is concerned, it has been estimated to be about −10−51 e · cm2 [4]. Beyond the SM, almost all studies have
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focused on dW . Results several orders of magnitude larger than the SM prediction have been found. For instance, a
value of 10−22 e · cm was estimated for dW in left–right symmetric models [3, 10] and also in supersymmetric models
[3, 29]. Also, a nonzero dW can arise through two–loop graphs in multi–Higgs models [30]. Explicit calculations carried
out within the context of the two–Higgs doublet model (THDM) show that dW ∼ 10−21 e · cm [31]. A similar value
was found within the context of the so–called 331 models [32]. Recently, the one–loop contribution of a CP–violating
HWW vertex to both dW and Q˜W was studied in the context of the effective Lagrangian approach [5]. By assuming
reasonable values for the unknown parameters, it was found that dW ∼ 3−6×10−21 e · cm and Q˜W ∼ −10−36 e · cm2,
which are 8 and 15 orders of magnitude above the SM contribution. More recently, the one–loop contribution of
the anomalous tbW vertex, which includes both left– and right–handed complex components, to dW and Q˜W was
calculated [6]. By using the most recent bounds on the tbW coupling from B meson physics, it was estimated that
dW ∼ 4×10−23−4×10−22 e.cm and Q˜W ∼ 10−38−10−37 e.cm2. All these predictions for dW and Q˜W are consistent
with the upper bounds given in Table II.
We now proceed to compare the predictions for the EDM of leptons and quarks given in Table II with results
obtained in some specific models. As already noted, the values reported for the EDM of fermions are not upper
bounds, as in the case of the W boson, but only estimates for these quantities, since they are derived by assuming
that CP–violation is induced via a CP–odd WWγ vertex. However, it is clear that others sources of CP–violation
could eventually lead to values larger than those presented here. They are however illustrative of the sensitivity of
fermions to CP–odd effects, so we believe that these results deserve a wider discussion still in this somewhat restricted
scenario. First, we would like to discuss the prediction existing in the literature for the µ and τ leptons. In the
case of the muon, the Particle Data Group [22] reports an experimental limit of about dµ < 10
−19 e · cm. As far
as theoretical predictions are concerned, the SM prediction is about 10−35 e · cm, which is 16 orders of magnitude
below the experimental limit. This means that precise measurements of the muon EDM might reveal new sources
of CP violation. Although very suppressed in the SM, some of its extensions predicts values for dµ that are several
orders of magnitude larger. For instance, an estimate of 10−24 e · cm for dµ was obtained in the THDM [33]. Similar
results have been found within the context of supersymmetric models [34] and in the presence of large neutrino
mixing [35]. SUSY model also predict large lepton EDMs if there are many right-handed neutrinos along with large
values of tanβ [36]. A wider variety of theoretical perspectives are studied in [37], where it is found that dµ can
be as large as 10−22 e · cm. This value is approximately 4 and 8 orders of magnitude above than those induced
by the O˜WB and O˜W operators, respectively. As far as the the tau lepton is concerned, the experimental limit is
−0.22 × 10−16 e · cm < Re(dτ ) < 0.45 × 10−16 e · cm [22]. Since this lepton has a relatively high mass and a very
short lifetime, it is expected that its dynamics is more sensitive to physics beyond the Fermi scale. Indirect bounds
of order of |dτ | < O(10−17) e · cm have been obtained from precision LEP data [38] and naturalness arguments [39].
Some model independent analysis predict possible values of order |dτ | ∼ 10−19 e · cm due to new physics effects. The
possible measurement of dτ at low energy experiments is analyzed in [40]. All these predictions are consistent with
the experimental limit, but are above by at least 7 orders of magnitude with respect to our estimation that arises
from a CP–odd WWγ vertex. As far as the EDM of quarks is concerned, most studies have been focused on the third
family. In the literature, the EDM of the b and t quarks has been calculated in many variants of multi–Higgs models
[41], as it is expected that more complicated Higgs sectors tend to favor this class of new physics effects. The dipole
moments were estimated to be of order of db ∼ 10−23− 10−22 e · cm and dt ∼ 10−21− 10−20 e · cm. Very recently, an
estimate for dt of about 10
−22 e · cm was obtained from the one–loop contribution of an anomalous tbW vertex that
includes both left– and right–handed complex components [6]. It is interesting to see that in this case the predictions
are quite similar to our estimations derived from the CP–odd WWγ vertex. Also, notice that O˜W induces the most
important contribution.
V. CONCLUSIONS
The origin of CP violation has remained an unsolved problem since its discovery several decades ago. Even if the
CKM matrix is the correct mechanism to describe CP violation in K and B meson systems, this is not necessarily
the only source of CP violation in the nature. Non–zero electric dipole moments of elementary particles would be
a clear evidence of the presence of new sources of CP violation. In this paper, a source of CP violation mediated
by the WWγ vertex has been analyzed using the effective Lagrangian technique and its implications on the CP–odd
electromagnetic properties of the SM particles studied. Two dimension–six SUL(2)×UY (1)– invariant operators, O˜WB
and O˜W , which reproduce the two independent Lorentz tensor structures, κ˜γW+µ W−ν F˜µν and (λ˜γ/m2W )W+µνW−νρ F˜ ρµ,
that determine the electric dipole, dW (κ˜γ , λ˜γ), and magnetic quadrupole, Q˜W (κ˜γ , λ˜γ), moments of the W gauge
boson, were introduced. The contribution of this vertex to the EDM of charged leptons and quarks was calculated.
The main features of these operators were studied in detail. One interesting peculiarity of the O˜W operator consists
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in the fact that it generates a WWγ vertex that satisfies simple Ward identities. As a direct consequence, the
contribution of this vertex in any multi–loop amplitude is manifestly gauge–independent. As pointed out by other
authors, it was found that while O˜WB leads to a divergent amplitude for the fermion EDM, the O˜W contribution is
free of ultraviolet divergences. The low–energy behavior of these operators was analyzed in the light of the decoupling
theorem. We emphasized the important fact that while the O˜WB operator is strongly linked with the electroweak
symmetry breaking (whatever it origin may be), the O˜W one has not connection with the electroweak scale. As a
consequence, the former does not decouple at low energies, whereas the latter has a decoupling nature. Owing to this
fact, there is a difference of more than two orders of magnitude in the respective bounds obtained from low energy data,
in contradiction with previous results given in the literature where constraints of the same order of magnitude were
derived. The origin of such a disagreement was discussed. At high energies, the contributions of these operators are
equally important. However, since O˜W is weakly constrained by low energy experiments, it might have an important
impact on CP violating observables at high energy collisions. Due to this fact, O˜W might be more promising than
O˜WB in searching CP violating effects at high energy experiments. In order to appreciate these peculiarities, the
behavior of the corresponding loop amplitudes were studied in detail. The experimental limits on the neutron and
electron EDM were used to get bounds on the κ˜γ and λ˜γ parameters. It was found that the best constraints arise from
the experimental limit on the neutron EDM, which leads to |κ˜γ | < 5.2× 10−5 and |λ˜γ | < 1.9× 10−2. The former limit
implies the upper bounds |dW (5.2× 10−5, 0)| < 6.2× 10−21 e · cm, |Q˜W (5.2× 10−5, 0)| < 3.0× 10−36 e · cm2, whereas
the latter leads to |dW (0, 1.9× 10−2)| < 2.3× 10−18 e · cm, and |Q˜W (0, 1.9× 10−2)| < 1.1× 10−33 e · cm2. As far as
the limit on κ˜γ and the upper bound on dW are concerned, we found agrement with the results obtained by Marciano
and Queijeiro [8]. The SUL(2)×UY (1) invariance of our approach was exploited to impose constraints on the κ˜Z and
λ˜Z parameters associated with the weak coupling WWZ. It was found that |κ˜Z | < 1.5× 10−5 and |λ˜Z | < 1.9× 10−2.
The limits on the κ˜γ and λ˜γ parameters were used to estimate the EDM of the muon and tau leptons, as well as the
bottom and top quarks. In the lepton case, we estimated dµ ∼ 10−26 − 10−30 e · cm and dτ ∼ 10−22 − 10−26 e · cm,
which are 4 and 5 orders of magnitude below than estimates obtained in other models, respectively. In the case of
the b and t quarks, our estimate is db ∼ 10−21 − 10−24 e · cm and dt ∼ 10−20 − 10−22 e · cm, which are of the same
order of magnitude than some results found in other contexts. In general terms, our results indicate that the heavier
fermions, as the b and t quarks, tend to be more sensitive to new sources of CP violation.
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